Introduction
Myocardial infarction occurs not necessarily due to narrowing of the lumen by intimal thickening of the artery, but mainly due to rupture of the capsule of the plaque 1) . The number of vascular smooth muscle cells (SMC) is known to decrease in arteries with vulnerable plaque 2, 3) and apoptosis has been reported to be responsible for cell death in atheromatous lesions 4) . Various factors existing in atheromatous lesions, including lipids and cytokines such as TNF-, may induce apoptosis of SMC. Among the lipids, oxysterols have been shown to play an important role as an apoptosis-inducing factor [5] [6] [7] [8] . We have reported that 7-ketocholesterol (7KCHO), an oxysterol, induces apoptosis of human SMC [9] [10] [11] . This finding suggests that accumulation of 7KCHO in atheromatous lesions may render atherosclerotic plaques unstable by decreasing the number of SMC. However, the influence of deposited lipids on apoptosis of SMC has not been studied to date.
In this study, we showed that lipids deposited in human atheromatous lesions induce apoptosis of cultured SMC. Furthermore, we confirmed the existence of 7KCHO in human atheromatous lesions, and measured its concentration.
Materials and Methods

Materials
7KCHO and 27-hydroxycholesterol (27OH-chol) were purchased from Sigma Chemical Co. (St. Louis, USA). Fetal bovine serum (FBS) and Dulbecco's modified Eagle's medium (DMEM) were obtained from Gibco.
Transmission Electron Microscopy
Three human aortas were obtained at postmor-tem examinations, and fatty streaks in atheromatous lesions were removed and sliced. These slices were fixed in 2.5% glutaraldehyde, 4% paraformaldehyde, and 0.1 mol/L sodium cacodylate. The slices were postfixed in 1% osmium tetroxide, dehydrated, stained en bloc with 3% uranyl acetate and Sato lead stain, and embedded in epoxy resin (Epon 812). Thin sections were examined with a Philips CM-10 electron microscope.
Lipid Extraction
Human aortas were obtained at postmortem examinations, and atheromatous lesions were removed and cut into pieces. These pieces were immediately transferred to a Teflon tube, to which an organic solvent containing ethanol/chloroform (2/1, vol/vol), 50 mmol/L butylated hydroxytoluene (BHT, as antioxidant) and 10 mmol/L EDTA-2Na was added to a final content of 0.1 g/mL. The sample was then homogenized in an Ultra-Turrax homogenator on ice, and centrifuged at 400 g for 10 min. at 4 . The resultant supernatant (crude lipid extract) was used in subsequent experiments.
Lipid Fractionation and Lipid Analysis by HPLC
The crude lipid extract was fractionated into oxysterol-rich, free cholesterol-rich, and cholesterol esterrich fractions using a cartridge of Sep-Pak ODS and the cholesterol contents were quantified by high-pressure liquid chromatography (HPLC) as follows. Briefly, 500 L of supernatant was applied to the ODS column and eluted with 20 mL of an increasingly polar solvent to give three lipid fractions: fraction 1 (fr.1) was obtained with methanol/water/ethanol (90: 10: 5, vol/vol/vol), fraction 2 (fr.2) with methanol/water/ ethanol (70: 10: 30, vol/vol/vol), and fraction 3 (fr.3) with ethanol. Cholesterol contents of each fraction were analyzed by HPLC. The HPLC system was composed of two LC-5A HPLC pumps, and an SPD-10A UV-VIS detector from Shimazu (Kyoto, Japan). The Inertical C8 analytical column (4.6 id. 20 mm) was purchased from GL Sciences Inc. (Tokyo, Japan). The data were processed by Chromatopac C-RA (Shimazu, Kyoto, Japan). The gradient mobile phase for HPLC was methanol/water (90: 10, vol/vol), and methanol/ ethanol (70: 30, vol/vol). The column was eluted at a flow rate of 1.0 mL/min at room temperature, and was monitored at 207 nm and 234 nm. As standards, cholesterol, 7KCHO, and 27-hydroxycholesterol (27OH-chol) from Sigma Co. Ltd. (St. Louis, USA) were used. Table 1 shows the cholesterol in each fraction. Fr.1 was found to be rich in oxysterols, fr.2 to be rich in free cholesterol, and fr.3 in cholesterol ester. Elutes were evaporated using a rotary evaporator and N2 stream, and the residues were redissolved in ethanol for cytotoxicity studies. The final concentration of ethanol in the culture medium was 1%.
Isolation and Passage of Human Vascular Smooth Muscle Cells
SMC were obtained from human coronary arteries at postmortem examinations. Briefly, 1-2 mm 3 pieces of media from the coronary artery were placed in T-25 flasks. Complete DMEM with 10% FBS and 1% gentamycin was added. The medium was changed two or three times per week, and after approximately 4 weeks, cells were harvested from the flasks by trypsin-EDTA (GIBCO) treatment followed by centrifugation (200 g for 5 min). The cell pellet was resuspended in DMEM with 10% FBS and plated into T-75 flasks. Cells in the fifth or sixth passage were used in all experiments.
Agarose Electrophoresis
DNA fragmentation was detected by agarose electrophoresis. Cells in the fifth or sixth passage were seeded into T-75 flasks, grown in DMEM with 10% FBS for 24 hours, and then incubated in growth me- 
TUNEL Method
Cells in the fifth or sixth passage were seeded into a chamber slide (NUNC), grown in DMEM with 10% FBS for 24 hours, and then incubated in growth medium containing three lipid fractions or 1% ethanol as a control. After incubation for 24 hours, DNA nicks in cells were detected by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) 12) using an Apotag tm in situ apoptosis detection kit (s7100-kit from Oncor Gaitherburg, MD 20877).
Flow Cytometric Analysis of Apoptosis
Cellular DNA content was determined by flow cytometric analysis of propidium iodide (PI)-labeled cells 13) . Briefly, after incubation with each lipid fraction for 24 hours, SMC attached to culture dishes were trypsinized and combined with floating cells in the culture medium. The cells were then fixed with methanol, incubated with 100 U/mL RNase, and stained with PI (final concentration 25 g/mL). The stained cells were analyzed by FACScan (Becton Dickinson) using CellFit 2.02 software. Fluorescence was measured from 10000 events in list mode, and gating of FL2-A versus FL2-W was used to remove doublets. Apoptotic nuclei were identified as a subgenomic DNA peak and were distinguished from cell debris based on forward light scatter and fluorescence of PI.
DNA Fragmentation Assay
Quantitative analysis of apoptosis was performed by DNA fragmentation assay 9) . Cells were plated at 6 10 4 cells in 24-well dishes, and incubated with DMEM containing 10% FBS for 2 days. Then, DNA of cells in culture flasks was labeled with 5-bromo-2' -deoxy-uridine (BrdU) for 24 hours. The control (ethanol only), crude lipid extract or each lipid fraction was added at 50 g/mL or 100 g/mL. After incubation for 24 hours, the amount of BrdU-labeled DNA released into the supernatant by dead cells was measured using a quantitative sandwich enzyme immunoassay (Cellular DNA Fragmentation ELISA, Boehringer Mannhein, Cat. No. 1585045). Data were corrected using the quantity of total protein in the well.
Statistical Analysis
Data were analyzed by Statview 5.0J. A t -test was used for group comparisons. All data are expressed as the mean SD. In all comparisons, p values less than 0.05 were considered significant.
Results
Transmission Electron Microscopy of Arterial Sections
To confirm the existence of apoptotic SMC in fatty streaks, transmission electron microscopy was performed on arterial sections obtained from atherosclerotic aorta. SMC with condensed chromatin and cytoplasmic shrinkage were observed in fatty streaks of atherosclerotic aorta (Fig. 1) . This finding indicates Photograph shows apoptotic SMC.
that apoptosis of SMC occurs in the early stage of atherosclerotic lesions.
Agarose Electrophoresis of DNA Extracted from SMC DNA from SMC incubated with crude lipid extract or each lipid fraction was extracted and subjected to agarose electrophoresis. The DNA from smooth muscle cells incubated with crude lipid extract showed a ladder pattern as a monomer of 180 base pairs. This ladder pattern was also observed by the addition of fr.1, but no ladder pattern was found by the addition of fr.2 or 3 (Fig. 2) .
DNA Nicks in Smooth Muscle Cells Incubated with Three Lipid Fractions
DNA nicks were detected by the TUNEL method. SMC incubated with fr.1 showed positive TUNEL staining (Fig. 3) , whereas cells incubated with fr.2 or 3 showed negative staining (data not shown).
Flow Cytometric Analysis of Apoptosis
The DNA content of SMC was measured by flow cytometry. Cells having a DNA content lower than that of G0/G1 cells (hypodiploidy) were considered apoptotic (Fig. 4, region marked with asterisk) . The percentage of apoptotic SMC increased significantly by the addition of crude lipid extract or fr.1 compared to the control, but did not change significantly by the addition of fr.2 or 3.
Quantitative Analysis of Apoptosis by Fragmented DNA Assay
To analyze the dose-dependent effect of each lipid fraction in inducing apoptosis, fragmented DNA assay was performed by ELISA 9) . The amount of fragmented DNA was significantly higher with the addition of crude lipid extract or fr.1 compared to control or other fractions, both at concentrations of 50 and 100 g/mL of each fraction (Fig. 5) . Furthermore, crude lipid extract or fr.1 increased the amount of fragmented DNA in a dose-dependent manner. No significant difference was observed between the amount of fragmented DNA by the control and that by fr.2 or fr.3.
Levels of Oxysterols in Lipids Extracted from Atheromatous Lesion
In this study, we measured the levels of 27OH-chol and 7KCHO as oxysterols contained in athero- 
Fig. 3. A micrograph of TUNEL staining after incubation with the oxysterol-rich fraction (B).
Cells in the fifth or sixth passage were seeded into chamber slides (NUNC) and grown in DMEM with 10% FBS for 24 hours. The oxysterol-rich fraction was added at 100 g/mL. After incubation for 24 hours, TUNEL staining was performed. The final concentration of ethanol in the culture medium was 1% ( 600).
matous lesions, because a previous report demonstrated that 27OH-chol is the major oxysterol in human atheromatous lesions, followed by 7KCHO 14) . The levels of cholesterol in lipids extracted from three aorta samples are shown in Table 1 . The amount of 27OH-chol was higher than that of 7KCHO in crude lipid extract, but this difference was not statistically significant. Among the three fractions, these oxysterols were detected only in fr.1.
Levels of 27OH-chol and 7KCHO in Atheromatous Lesions
Atheromatous lesions were classified into four grades by the degree of atherosclerosis, and the levels of 27OH-chol and 7KCHO were measured. The contents of both oxysterols were significantly higher in fatty streaks than in normal lesion (Fig. 6) . Furthermore, fibrous plaque and complicated lesions were significantly higher than in fatty streaks. The 7KCHO content was significantly higher than 27H-chol in fatty streaks, while the reverse was observed in fibrous plaque and complicated lesions.
Discussion
In this study, the results of DNA laddering, TU-NEL and flow cytometric analysis indicate that lipids deposited in atherosclerotic lesions induce apoptosis of SMC. In particular, oxysterol is considered to be important as an apoptosis-inducing factor, because only the oxysterol-rich fraction induced apoptosis of SMC. These results suggest that oxysterols contained in atheromatous lesions may render plaque vulnerable by decreasing the cell numbers locally. BrdU-labeled cells were incubated for 24 hours with lipid extract, each of three lipid fractions or the control at 50 g/mL (open bar) or 100 g/mL (solid bar). DNA fragmentation was assayed quantitatively by ELISA using absorbance at 492 nm. The control was growth medium containing ethanol only. The final concentration of ethanol in the culture medium was 1%. Results are the mean SD. The experiment was performed in triplicate.
In atherosclerotic lesions, apoptosis of SMC is observed and related to plaque rupture 15, 16) . In this study, we demonstrated apoptotic SMC in fatty streaks. This finding indicates that SMC apoptosis may be induced in the early stage of atherosclerosis. If apoptosis of SMC is enhanced in fatty streaks, it is possible that the plaque would become vulnerable through a decrease in the number of SMC and this phenomenon could contribute to plaque rupture even in the early stage of atherosclerosis.
Coronary angioscopy in acute myocardial infarction has frequently revealed disrupted yellow lesions 17, 18) . The yellow color is due to light reflecting the lipid-rich yellow core through a thin fibrous cap 18) . Postmortem studies have demonstrated that these lesions have few cells and consist of a thin collagenous cap with an underlying lipid-rich core 19) . From these findings, we hypothesized that lipids accumulated in atherosclerotic lesions may be related to the formation of vulnerable plaques. In this study, we found that lipids deposited in atherosclerotic lesions induced apoptosis of cultured SMC. This finding implies that lipids accumulated in atherosclerotic lesions could reduce local cell numbers rendering atherosclerotic plaques vulnerable. Actually, reduced deposition of lipids in atherosclerotic lesions has been reported to stabilize atheromatous plaque 17) . Furthermore, we separated the crude lipid extract from atheromatous lesions into three fractions by gradient elution using a Sep-Pak ODS cartridge, and investigated the effect of each lipid fraction on SMC apoptosis. Among the three fractions, only the oxysterol-rich fraction induced apoptosis of SMC. We previously reported that oxysterols induced apoptosis of human SMC 9) . From these results, we consider that oxysterols are the most important component responsible for inducing apoptosis.
Atherosclerotic lesions were divided into four parts according to their grade, and the levels of 27OH-chol and 7KCHO in these parts were measured, because these oxysterols are known to be present abundantly in advanced atherosclerotic plaques 14) and contribute to the development of atherosclerosis 10, 20) . The levels of 27OH-chol and 7KCHO in atherosclerotic lesions increased with the increasing severity of atherosclerosis. In particular, the amount of 7-KCHO in fatty streaks was higher than that of 27OH-chol. This finding indicates that 7KCHO may be one of the abundant oxysterols in the early stage of atherosclerosis. Our previous data indicated that 25 g/mL of 7-KCHO induced SMC apoptosis and inhibited the migration of SMC in vitro 9, 21) . In this study, the content of 7-KCHO in fatty streaks was approximately 25 mg/g wet weight. This concentration almost matches the in vitro apoptosis-inducing level. Therefore, if 7KCHO exhibits potentials such as apoptosis and the inhibition of migration of SMC in fatty streaks, 7KCHO may contribute to plaque rupture even in the early stage of atherosclerosis. Our results thus indicate that plaque rupture might depend not only on the severity of atherosclerosis but also on the amount of 7KCHO deposited in atherosclerotic lesions. The deposition of 7KCHO in atherosclerotic lesions could explain the observation that myocardial infarction occurs not necessarily due to narrowing of the vascular lumen by intimal thickening of the artery.
Many oxysterols have been detected in the plasma of experimental animals 22) and humans 23, 24) . They are mostly esterified into long-chain fatty acids [25] [26] [27] , and transported into circulation by lipoprotein particles, mainly low-and high-density lipoprotein 28) . On the other hand, the lipids contained in atherosclerotic lesions are mostly derived from serum LDL. We speculate that the 7KCHO contained in atherosclerotic plaque may be derived from serum LDL; however, in fibrous plaque and complicated lesions, the amount of 27OH-chol was higher than the amount of 7KCHO. The difference in the distribution of these oxysterols in atherosclerotic lesions may suggest the presence of another pathway of oxysterol production in addition to serum LDL.
In summary, our data suggest that 7KCHO is present in human atherosclerotic lesions at concentrations high enough to induce SMC apoptosis, and that the accumulation of 7KCHO in atherosclerotic lesions may decrease local cell numbers and render atherosclerotic plaques vulnerable.
